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A windowless spallation target can provide a neutron source and maintain neutron chain
reaction for a subcritical reactor, and is a key component of China's nuclear waste trans-
mutation of coupling accelerator and subcritical reactor. The main issue of the windowless
target design is to form a stable and controllable free surface that can ensure that energy
spectrum distribution is acquired for the neutron physical design when the high energy
proton beam beats the leadebismuth eutectic in the spallation target area. In this study,
morphology and flow characteristics of the free surface of the windowless target were
analyzed through the volume of fluid model using computational fluid dynamics simula-
tion, and the results show that the outlet cross section size of the target is the key to form a
stable and controllable free surface, as well as the outlet with an arc transition. The
optimization parameter of the target design, in which the radius of outlet cross section is
60 ± 1 mm, is verified to form a stable and controllable free surface and to reduce the
formation of air bubbles. This work can function as a reference for carrying out engineering
design of windowless target and for verification experiments.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In the China nuclear waste transmutation reactor (CNWTR), a
neutron source will be produced by a high-energy proton beam
beating liquid leadebismuth in the windowless target [1]. The
neutron has a nuclear reaction with the nuclear waste (such as
Minor-actinide (MA), Long lived fission product (LLFP)) in the
subcritical blanket, which can be used to transmute high-levelheng).
sevier Korea LLC on beha
mons.org/licenses/by-ncradioactive nuclear waste, and to produce nuclear fuel,
generate electricity, etc. The system ismainly composed of the
proton beam accelerator, spallation target, subcritical reactor,
etc. [2]. The spallation target is the key component for coupling
the accelerator with the subcritical reactor. The target material
is bombarded by a high-energy proton beam and withstands
high temperatures and strong neutron irradiation at the same
time. Currently, the leadebismuth eutectic (LBE) is the firstlf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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core blanket, because it has good neutronics performance, ra-
diation resistance, and heat transfer performance, low chem-
ical activity in contact with air and water, good safety
performance, as well as a low melting point (123 C) and high
boiling point [3].
According to the interface type between the proton beam
vacuum and the liquid LBE in the spallation target, the spall-
ation target is mainly categorized into window and window-
less targets [4]. Window targets cause serious problems such
as short lifetime and the need for cooling due to high-energy
proton bombardment, fast neutron irradiation damage
induced embrittlement, heat load impact creep, and corrosion
of liquid metal flow [5]. Therefore, the liquid metal window-
less target is chosen. In the case of windowless target, the
proton beam directly hits LBE, which is in contact with the
vacuum tube. Therewill be a free surface between the vacuum
and the target material. Compared with the window target,
the windowless target enjoys the following advantages: no
target window cooling or proton energy attenuation problem;
no need to bear the damage caused by the strong high-energy
proton or neutron irradiation on the window structure mate-
rial, and a match between the target unit lifetime and the fuel
assembly. However, the instability of the free liquid surface of
windowless target may affect neutron distribution and phys-
ical and thermal properties of the subcritical reactor [6,7].
Therefore, the formation and control of the free liquid surface
is one of the key problems of design and application of the
windowless target. The aim of this study is to find out an
optimum design scheme of target by assessing stable and
controllable free surface performance. A description of the
CNWTR system and windowless target are introduced in
Sections 2.1 and 2.2. The coupling model of target and core
and the boundary conditions are outlined in Section 2.3. In
Section 3, the LBE flow characteristics of target are assessed on
the condition of the coupling target and core. The design
scheme is optimized in Section 4 to form a stable and
controllable free surface and to reduce the formation of air
bubbles. Section 5 presents the concluding remarks.Fig. 1 e Overview scheme of China nuclear waste transmutatio
exchanger; 5, reactor; 6, helium blower; 7, regeneration; 8, turb
intercooling; 12, low pressure compressor; 13, generator; 14, ne2. A description of CNWTR and windowless
target
2.1. A description of CNWTR
As shown in Fig. 1, an accelerator driven system (ADS)
system is composed of the accelerator system, subcritical
reactor, Brayton power systems, nuclear waste reprocess-
ing system, etc. [8,9]. The reactor section is mainly
composed of a spallation target system, the reactor vessel
and support structure, blanket, refueling system, the circuit
system, security system and related auxiliary system,
etc. [10]. The external part of the reactor is composed of
the secondary circuit system, including Brayton power
generation and grid system, nuclear waste reprocessing
system, etc.
As shown in Fig. 2, the subcritical reactor adopts pool
type reactor structure cooled by LBE. Under normal opera-
tion conditions, the support of the reactor structure, blan-
ket, and primary circuit of the heat transport system are
submerged in LBE [11]. The integrated reactor is divided into
hot and cold areas by the support structure and blanket
barrel. The primary circuit system consists of three inter-
mediate heat exchangers and three primary circuit pumps.
A high power mechanical pump is located in the lower part
of the cool zone of reactor, which drives the low tempera-
ture LBE into a flow distribution box at the bottom of the
blanket [12]. LBE flows through the distribution box into
blanket, which takes the high power density nuclear heat
from the fuel assemblies. The high temperature LBE flow is
driven by the primary circuit pump and gravity, which takes
heat exchange between the interior concentric tube heat
exchanger and high pressure helium gas (8 MPa) of the
secondary circuit. After heat exchange, the LBE flows into
the cold area. Helium gas is employed for the coolant in the
secondary circuit, which will flow into the Brayton power
system outside the reactor [13]. The main parameters of the
reactor are shown in Table 1.n reactor. 1, accelerator; 2, spallation target; 3, core; 4, heat
ine; 9, precooling; 10, high-pressure compressor; 11,
twork.
Fig. 2 e China nuclear waste transmutation reactor principle and reactor structure.
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As shown in Fig. 3, windowless target is a double concentric
tube; the interior is the proton beams tube; the exterior
channel between layers is for LBE flow; the LBE flows into the
spallation target along the guide plate to form a free surface.
Above the free surface is the proton beamwith the pressure of
only 102 Pa, almost a vacuum. To prevent LBE from moving
upward into the proton beam tube and affecting the spallation
reaction, there is a need for a stable free surface, therefore, the
formation and the control of the free liquid surface is the key
issue for the spallation target design, which directly affects
the spallation neutron energy distribution and its coupling
efficiency with core fuel assembly.
The main design parameters of windowless target are as
follows: proton beam energy of 1.5 GeV; beam current of
10 mA, tube diameter of 200 mm; coolant inlet temperature of
230 C; and velocity of 1.71 m/s. LBE driven by a mechanical
and electromagnetic pump forms a closed loop, which takesTable 1 e Main parameters of China nuclear waste
transmutation reactor.
Parameters Units Values
Thermal power of reactor MW 966
Accelerator beam power MW 15
Proton beam energy GeV/mA 1.5/10
Import/output temperature of LBE C 330/480
Average flow velocity of LBE m/sec 1.46
Initial Keff e 0.98
TRU first fuel loading ton 4.4
MA transmutation rate kg/yr 365
Average neutron energy keV 540
Line power density (ave./max.) w/cm 170/177
Lead bismuth quality inventory ton ~4,000
Heat exchanger power MW 3203
Mass flow rate of heat exchanger t/sec 14.6
ave., average; Keff, efficiency K; LBE, leadebismuth eutectic; MA,
Minor-actinide; max., maximum; TRU, Transuranics.away the nuclear heat deposition of the target exchangedwith
the secondary circuit.
2.3. Model and boundary conditions
According to the CNWTR design scheme, a simplified 3D
model of the spallation target is shown in Fig. 3. Considering
the symmetry of the reactor, 1/2 coupling model of target and
core is shown in Fig. 3A. The outside target area is the buffer
area, and outside buffer area is the fuel area (according to the
difference of the burn-up divided into inner, middle and outer
fuel area). A gaseliquid two-phase model is selected, and the
gas phase is air, as the proton beam tube is virtually a vacuum,
with the reference pressure set to 102 Pa; the pressure
reference point is at the top of the proton beam tube. The
liquid phase is the LBE, divided into spallation target loop and
core circuit. Starting from the concentric channel outside the
proton beam tube; LBE flows along the guide plate into the
spallation target area, and inlet velocity and temperature are
1.71m/s and 593 K respectively. The Reynolds number is about
3,672,000. It was reported that the SST turbulence model
provides a better performance than the keε and the keu tur-
bulence models on the prediction of the stagnation flow re-
gion [14]. The automatic wall treatment allows the application
of coarser meshes near walls than typical low Reynolds
number treatments. In the present study, therefore, the SST
turbulence model with the automatic wall treatment was
applied, and the absolute criterion of the residuals is 1e7. As a
coolant, core circuit LBE flows from the bottom to the top
along the fuel assembly, and the inner fuel area is connected
with the buffer area. The inlet velocity of inner, middle, and
outer fuel area are 1.29 m/s, 1.28 m/s, and 1.15 m/s, respec-
tively, and all the inlet temperature is 603 K. Calculated
through the neutron physics, the thermal power density dis-
tribution of the spallation target and the core blanket of nu-
clear fuel areas are given in the literature [3]. Fig. 3B for the
spallation target is an axisymmetric grid model; the smallest
size ofmesh is 0.1mm; the number of grid cell of the 3Dmodel
is 1,295,374; the direction of gravity is vertically downward,
the value is 9.8 m/s2, and the time step is 0.0001s. The number
Fig. 3 e Numerical simulation model. (A) Three-dimensional model of coupling target and core; (B) part of axisymmetric grid
model.
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pendence. There is little difference shown when comparing
the calculation results of the two models.3. Results and discussion
As shown in Fig. 4, there is a two-phase contour distribution
for spallation target and core. The blue liquid phase is LBE, the
red gas phase is air. The gas is approximately the vacuum.
From the diagram of gaseliquid distribution, the LBE does not
form a free surface in the spallation target area and LBE flows
out from the outlet of spallation target directly. Through the
analysis, the conclusion can be drawn that, due to the verticalFig. 4 e Two-phase distribution of coupling target and core.spallation target, LBE is imported along the guide plate into
the spallation target, speeds up under the influence of gravity
acceleration, and is allowed to flow out along the spallation
target wall directly. It can also be seen that, at constant mass
flow rate under certain conditions, the flow section is smaller
and smaller along the flow direction.
In Fig. 5, the pressure contour distribution is shown for
the original design scheme of coupling the spallation target
and core. In Fig. 5A, as the LBE flows from the bottom of the
fuel assembly to the top, the pressure drops greatly at the
fuel assembly, with the maximum pressure drop of 1.87 bar,
but it can be seen from Fig. 5B that the pressure drop be-
tween the inlet and the outlet of the spallation target is
relatively small at about 1 bar. The pressure drop is mainly
formed in the part of the concentric ring tube. In the spall-
ation target area, as a result of the gas phase connecting the
proton beam and spallation target area, the pressure is
almost equal.
Fig. 6A shows the velocity contours distribution of the
original design scheme of the spallation target and core. As
shown in the figure, LBE in the fuel area flows comparatively
evenly. Inner fuel area and buffer area is communicated
with each other, the LBE flowing into the fuel area shunts to
the buffer area, and thus the velocity of the LBE flow, de-
creases at the junction of the inner fuel area and buffer area.
The LBE flowing into the buffer area flows out from the top
of the junction of the inner fuel area and buffer area. The
flow speeds in the corner with the maximum velocity of
5.5 m/s.
Due to the acceleration of gravity, the LBE, flowing along
the guide plate into the spallation target, speeds along thewall
and the average velocity reaches 5.9 m/s at the outlet. The LBE
flow drives the air in the proton beam tube to flow down. As
shown in Fig. 6A, the cross section of air flow is relatively
small for LBE flowing out of the guide plate, as the cross-
sectional of LBE flow dwindles along the LBE flow direction.
The cross section of the air flow is large, so the velocity of air
flow decreases accordingly, with the maximum velocity of
Fig. 5 e Pressure distribution contours of coupling target and core. (A) Coupling target and core; (B) the spallation target.
Fig. 6 e LBE velocity distribution of coupling reactor and target. (A) Coupling target and core; (B) the spallation target region.
LBE, leadebismuth eutectic.
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Fig. 7 e The simulation of 4/5 outlet radius model of the original design scheme. (A) Contour of two phase distribution; (B)
particle line tracking of leadebismuth eutectic.
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locity distribution shown in Fig. 6B.
In accordance with the calculation results of coupling
target and core, the original design scheme of the spallation
target, the LBE flow into the spallation target flows out directly
and there is no free surface formed in the spallation target
region. In order to form a free surface in the spallation target,
the outlet cross section of the spallation target needs to be
reduced. Therefore, the original design scheme of the spall-
ation target needs to be adjusted and optimized.4. Design optimization and conclusion
In order to adjust the outlet cross section radius of the flow to
form a free surface in the spallation target, 4/5 outlet radius
model of the original design scheme is calculated. As shown in
Fig. 7, thereareseparately the two-phasecontourdistributionof
the spallation target and the particle line tracking of LBE flow.
As clearly shown in Fig. 7, the free surface is still not
formed when the outlet radius of the LBE flow reduces to 4/5,
so the outlet section radius needs to be further reduced. It can
also be seen from Fig. 7 that there is shock wave in the
spallation target outlet, mainly because there is no arc tran-
sition when the outlet radius of the LBE flow of spallation
target is reduced, so the LBE flow dashes against the obstacleand changes the flow direction. As shown in Fig. 7A, there is a
collision wave in the outlet of the LBE flow of the spallation
target, so a relatively stable free surface cannot be formed. In
addition, the outlet section without arc transition leads to
increasing flow resistance. Therefore, the arc transition
should be adopted to optimize the outlet design parameter of
the spallation target.
The outlet model of the spallation target needs an arc
transition to reduce the outlet radius gradually. In this study,
the calculation model of the outlet of the spallation target is
established, as shown in Fig. 8A, with an arc transition. As
shown in Fig. 8B, there are 10 kinds of outlet radius available
for choice; the interval of the 10 kinds of outlet radius is
10 mm; the radius is shown in Fig. 8B. The 10 models are
calculated, and the two-phase distribution contours are
shown in Fig. 9.
As can be seen from Fig. 9, in the cases (aec), the outlet
radius is too large to form a free surface in the spallation
target; in the cases (def), there is a free surface formed in
the spallation target, but the height of the free surface is too
low to meet the design requirement of the spallation target.
When the level of the free surface is lower than the height of
the outlet of the guide plate, the LBE flowing out along the
guide plate will fall into the free surface freely, making the
free surface difficult to keep stable. In addition, when the
LBE falls into the free surface, part of the air is taken into the
Fig. 8 e Outlet model of the spallation target. (A) Outlet model with arc transition; (B) 10 cases of the outlet radius of the
proton beam tube.
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that many air bubbles are generated under the free surface,
and this will affect the efficiency of the spallation neutron
generation. In the cases (gei), the height of free surface isFig. 9 e Two-phase distribution contours of 10 cases of outlet ra
r ¼ 70.8 mm; (e) r ¼ 67.4; mm; (r) r ¼ 63.9 mm; (g) r ¼ 60.3 mmhigher than the outlet of the guide plate. The formed free
surface is relatively stable and there is only a small amount
of bubbles generated under the free surface. As the outlet
radius reduces, the height of the free surface is higher anddius (r). (a) r ¼ 80.1 mm; (b) r ¼ 77.1 mm; (c) r ¼ 74.1 mm; (d)
; (h) r ¼ 56.6 mm; (i) r ¼ 52.8 mm; (j) r ¼ 49.1 mm.
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the proton beam tube and the LBE overflows; therefore, case
(j) cannot be chosen.
It can be concluded that case (g) can be used as the engi-
neering design verification options from the calculation re-
sults of 10 kinds cases of outlet radius, and the scheme can
ensure the free surface height meets the demands of neutron
physics design, which enables the neutron distribution pro-
duced by the high-energy proton beam to beat LBE target
bombardment and the energy spectrum to meet the re-
quirements of the core blanket.
The instability of the free surface of windowless targetmay
affect the spallation neutron distribution and the evolvement
efficiency of the coupling subcritical reactor. Therefore, the
formation and control of the free liquid surface is one of the
key issues for the windowless target design. In this study,
numerical simulation and optimization verification were
carried out for the windowless spallation target, so the con-
clusions can function as a reference for engineering design
and experiments. The main conclusions are as follows:
(1) In windowless target, when the mass flow rate of the
inlet is constant, the size of the outlet cross section is
the key to forming and controlling the free surface. As
the cross section of the outlet is decreasing, the height
of the free surface in the spallation target will rise
accordingly. When the radius of outlet cross section is
adopted in a certain range (such as the g scheme of
radius of 60 ± 1 mm), the free surface is a little higher
than the outlet of the guide plate. In this case, the free
surface is stable and controllable.
(2) The outlet design of the spallation target requires the
employment of arc transition, but not a rectangular
transition, for the arc transition can help form a stable
free surface.
(3) When the height of the free surface is lower than the
outlet of the guide plate, the LEB will fall into the free
surface, making the free surface unstable. At the same
time, there will be a lot of bubbles formed under the free
surface, and this will exert a great influence on high-
energy spallation neutrons distribution and generation
efficiency.Conflicts of interest
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